Inhibition of urease activity in soils by Douglas, Lyle Angus
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1971
Inhibition of urease activity in soils
Lyle Angus Douglas
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons, and the Soil Science Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Douglas, Lyle Angus, "Inhibition of urease activity in soils " (1971). Retrospective Theses and Dissertations. 4393.
https://lib.dr.iastate.edu/rtd/4393
71-21,939 
DOUGLAS, Lyle Angus, 1937-
INHIBITION OF UREASE ACTIVITY IN SOILS, 
Iowa State University, Ph.D., 1971 
Agriculture, soil science 
University Microfilms, A XEROX Company, Ann Arbor, Michigan 
THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED 
Inhibition of urease activity in soils 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OP PHILOSOPHY 
Major Subject: Soil Chemistry 
Lyle Angus Douglas 
Approved : 
Ï r Work 
Hea^ of Major Department 
'raduate College 
Iowa State University 
Of Science and Technology 
Ames, Iowa 
1971 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
11 
TABLE OF CONTENTS 
page 
CHAPTER I. INTRODUCTION 1 
CHAPTER II. LITERATURE REVIEW 4 
CHAPTER III. MATERIALS AND METHODS l8 
CHAPTER IV. DEVELOPMENT OP METHOD POR DETERMINATION 
OF UREA IN SOILS 22 
CHAPTER V. DEVELOPMENT OF METHOD FOR EVALUATION OF 
DIFFERENT COMPOUNDS AS INHIBITORS OF UREASE 
ACTIVITY IN SOILS 35 
CHAPTER VI. EVALUATION OF VARIOUS COMPOUNDS AS 
INHIBITORS OF UREASE ACTIVITY IN SOILS 49 
CHAPTER VII. SUMMARY AND CONCLUSIONS 73 
LITERATURE CITED 77 
ACKNOWLEDGMENTS 85 
APPENDIX 86 
1 
CHAPTER I. INTRODUCTION 
Recent reviews of world trends in fertilizer usage and 
of the needs in fertilizer research have predicted that urea 
will become a very important nitrogen fertilizer in the near 
future and have stressed the need for research to reduce 
various problems associated with the use of urea as a 
fertilizer. 
Problems resulting from the presence of substantial 
amounts of biuret in fertilizer urea and from storage of this 
fertilizer have been overcome in recent years by improvement 
of the processes used to manufacture urea as a fertilizer. 
The other problems observed in use of urea as a fertilizer 
result largely from the fact that, in most soils, urea is 
rapidly hydrolyzed to ammonium carbonate through soil urease 
activity. The problems caused by this rapid enzymatic 
hydrolysis of urea and the concomitant accumulation of ammo­
nium and rise in pH Include damage•to germinating seedlings 
and young plants, gaseous loss of urea nitrogen through ammo­
nium volatilization and chemodenitrification, and nitrite 
toxicity. These problems can be reduced by applying urea 
fertilizer granules so that they are about six inches from 
germinating seeds or young plants and are several inches 
below the soil surface, but there are many agricultural 
situations in which fertilizer urea cannot be so applied 
and research is needed to find other methods of reducing 
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these problems. 
Although numerous studies of urea transformations In 
soils have been reported, very little attention has been 
given to the problems In satisfactory performance of the 
urea analyses required in these studies. One problem, which 
has been ignored in most investigations, is that significant 
hydrolysis of urea by soil urease can occur during extraction 
of soils for determination of urea. Another is that the 
colorimetric methods available for determination of urea 
are not satisfactory for urea analysis of soil extracts. The 
lack of a satisfactory method of determining urea in soils 
has led to use of ammonium analyses for studies of urea 
hydrolysis in soils but this approach is complicated by ammo­
nium fixation by soil constituents and by ammonium volatiliza­
tion from soils treated with urea. 
One of the most attractive approaches to reduction of 
the problems resulting from the rapid enzymatic hydrolysis 
of urea in soils Is to retard this hydrolysis by application 
of compounds that inhibit urease activity. Attempts have 
been made to find such compounds, but they have been 
restricted by the lack of a satisfactory method of evaluating 
a wide range of organic and inorganic compounds as inhibitors 
of urease activity in soils. In most studies, evaluation has 
been performed by determining the effect of the test com­
pound on ammonia evolution from soils treated with urea. 
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Besides being tedious and time-consuming, this method of 
evaluation is unsatisfactory because it is indirect and 
does not provide reliable information about the effect of 
the test compound on urea hydrolysis in soils. The only 
reliable method of evaluating soil urease inhibitors is to 
determine their effect on the amount of urea hydrolyzed on 
treatment of soils with urea, but attempts to use this method 
have been hindered by the lack of a satisfactory method of 
determining urea in soils. 
The objectives of this investigation were: (a) to 
develop a satisfactory method of determining urea in soils; 
(b) to develop a rapid method of studying the abilities of 
different compounds to inhibit urease activity in soils; (c) 
to evaluate a wide range of organic and inorganic compounds 
as inhibitors of soil urease activity and find compounds 
having potential value for retardation of urea hydrolysis in 
soils and reduction of the problems resulting from the 
normally rapid hydrolysis of fertilizer urea by soil urease. 
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CHAPTER II. LITERATURE REVIEW 
Urea as a Nitrogen Fertilizer 
Urea has been used extensively as a nitrogen fertilizer 
during the past decade, and Cooke (1969) has predicted that 
It will become the most important solid nitrogen fertilizer 
In world agriculture during the next 30 years. Gasser 
(1964) has reviewed literature on use of urea as a fertilizer 
and has discussed the advantages and disadvantages of this 
fertilizer. 
Urea is unique among synthetic nitrogen fertilizers in 
that its behavior In soils Is greatly affected by a soil 
enzyme. This was first demonstrated by Conrad (1940) who 
showed that, in most soils, urea is rapidly hydrolyzed to 
ammonium carbonate through soil urease activity [NH2CONB2 + 
2H2O - (NH^jgCO^]. 
The principal advantages of urea as a fertilizer are: 
1. It has a high nitrogen content (45^ N In fertilizer-
grade material), which lessens transport and 
spreading costs per unit of N. 
2. It is very soluble, and can be applied conveniently 
in solution either to the soil or as a foliar spray; 
and its solution is not corrosive (Kolterman and 
Rennle, 196O). 
3. It can be mixed with some other fertilizers to make 
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compound fertilizers (Hardesty, 1955), and in 
solution it may be mixed with many insecticides 
and fungicides (Gasser, 1964). 
Several disadvantages have been observed in use of urea 
as a fertilizer, and these at times offset the advantages 
discussed. For example, several investigations have shown 
that use of urea as a fertilizer can result in damage to 
germinating seeds and young plants. Redemann At al. (1958) 
showed that biuret, an impurity formed by double condensation 
of the urea molecule during production of fertilizer urea, 
caused much of the plant damage observed in use of urea as a 
fertilizer, and Cunningham and Cooke (I958), Wilkinson and 
Ohlrogge (i960, I96I), and Low and Piper (1961) have confirmed 
that biuret is toxic to plants. As a result of these findings, 
the techniques used for production of urea as a fertilizer 
have been modified in recent years, and the amount of biuret 
now present in fertilizer urea is so small that it should not 
cause damage to plants (Cooke, 1964). 
Several investigations have shown that damage to young 
plants and germinating seedlings can occur even when bluret-
free urea is used as a fertilizer. This was explained by 
Olcuda and Takahashl (1959), Low and Piper (1961), and Cooke 
(1962), who showed that the rapid ammonium accumulation and 
rise in pH resulting from the hydrolysis of urea in soils 
cause damage to vegetative material. This problem can be 
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reduced by drilling fertilizer urea to the side of seeds or 
young plants (Widdowson and Penny, 1963), but, as Cooke (1964) 
has pointed out, this method of reducing damage to vegetative 
material by fertilizer urea is not applicable when urea is 
used for the purposes for which its high nitrogen content and 
ease of handling make it so suitable, namely side-dressing 
of row crops and top-dressing of cereals and pastures. 
Another serious disadvantage in use of urea as a nitrogen 
fertilizer is that the rapid accumulation of ammonium and rise 
in pH resulting from the application of this compound to soil 
can lead to substantial gaseous loss of urea nitrogen as 
ammonia (Martin and Chapman, 1951; Ernst and Massey, I96O; 
Okuda et al., 196O; Volk, I96I; Anderson, 1962; Waid and 
Pugh, 1967; Baligar and Patll, 1968a, 1968b; Pugh and Waid,. 
1969a, 1969b). This loss is most serious with sandy soils 
having low cation-exchange capacities (Martin and Chapman, 
I95I; Anderson, 1962; Baligar and Patll 1968a, 1968b; Pugh 
and Waid, 1969b), and several investigators (e.g., Stanley 
and Smith, 1956; Volk, 196I; Musa, 1965; Baligar and Patll, 
1968b) have shown that it Is promoted by evaporation of 
water from soils. Work on this subject by Volk (1961), 
Anderson (1962), and Baligar and Patll (1968a) has shown 
that the greatest loss of ammonia occurs when urea is applied 
to the soil surface and that mixing fertilizer urea with soil 
considerably reduces gaseous loss of urea nitrogen as 
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ammonia. Anderson (1962) and Baligar and Patil (1968b) 
studied the effect of temperature on volatilization of 
ammonia following urea application to soils and found that 
ammonia evolution was greatest at 40° C. 
Another problem observed in use of urea as a fertilizer 
is that application of this compound to soil can lead to 
accumulation of nitrite (Soulides and Clark, 1958; Clark et al., 
i960). Court et al. (1962) have shown that this nitrite 
accumulation can result in damage to seedlings and reduction 
of crop yield. 
Recent work has indicated that significant loss of 
fertilizer urea nitrogen may occur through chemodenitrifica-
tion in soils, i.e., by chemical decomposition of nitrite 
formed through nitrification of the ammonium produced by urea 
hydrolysis in soils (see Allison, I965, 1966; Broadbent and 
Clark, 1965; Woldendorp, 1968; Hauck, I968). The processes 
whereby nitrite is decomposed chemically in soils resemble 
biodenitrification in that they lead to gaseous loss of 
nitrite N as Ng and N oxides, and recent tracer studies have 
shown that they involve fixation and volatilization of 
nitrite N through reaction of nitrite with soil organic 
matter (Bremner and Fuhr, I966; Nelson and Bremner, I969). 
To overcome problems resulting from the rapid hydrolysis 
of fertilizer urea by soil urease, attempts have been made 
to retard the conversion of urea to ammonium in soils by 
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coating urea fertilizer granules with Inert, water-
resistant membranes (Army, 1963; Parr, I967). This approach 
has proved reasonably successful, but it adds considerably 
to the cost of fertilizer urea, and coated urea is currently 
recommended only for use on ornamentals and turf (Parr, 
1967). 
Another approach to the problems caused by the normally 
rapid hydrolysis of fertilizer urea in soils has been to 
apply a urease inhibitor In conjunction with this fertilizer. 
This approach is discussed in detail in the last part of this 
chapter. 
Besides being applied to soils as a nitrogen fertilizer, 
urea is added to many soils in the form of animal urine. 
Approximately 45 g of urea are voided daily by sheep (Doak, 
1952) and approximately l40 g are voided daily by mature 
cattle (Petersen et al., 1956). Where animals are confined 
in feedlots, the resulting heavy applications of urea as 
urine to small areas of soil lead to large accumulations of 
ammonium through urea hydrolysis by soil urease, and 
volatilization of this ammonium from feedlots can cause an 
air pollution problem. Moreover, studies by Hutchinson and 
Vlets (1969) have indicated that ammonia evolved from feed-
lots may lead to ammonium pollution and eutrophlcation of 
lakes near feedlots. 
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Determination of Urea in Soils 
Although numerous studies of urea transformations in 
soils have been reported, very little attention has been 
given to the problems in satisfactory performance of the urea, 
ammonium, nitrite, and nitrate analyses usually required in 
these studies. One problem, which has been overlooked in 
most investigations, is that significant hydrolysis of urea 
by soil urease can occur during extraction of soils for 
determination of urea (Keeney and Bremner, ISSf). A second 
is that the colorimetric methods available for determination 
of urea have low sensitivity and do not permit analysis of 
soil extracts containing less than about 50 ppm of urea. A 
third is that no soil extraction procedure has been developed 
that is satisfactory for determination of exchangeable 
ammonium, nitrite, and nitrate as well as of urea, which 
means that two or more extractions must be performed to carry 
out these analyses. 
Keeney and Bremner {1967) found that urea could not be 
recovered quantitatively by extraction of soils with 2M KCl 
for 60 minutes as in the procedure they developed (Bremner 
and Keeney, I966) for determination of exchangeable ammonium, 
nitrite, and nitrate by steam distillation methods and that 
this was due to hydrolysis of urea by soil urease during the 
extraction with 2M KCl. Tests showed that this hydrolysis 
problem could be overcome by use of 2M KCl containing com­
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pounds that Inhibit urease activity, but use of such 
inhibitors vitiates urea analysis of the extract by urease 
techniques. 
The colorimetric method of Watt and Chrisp (195^) has 
been used to determine urea in soil extracts (Broadbent et al., 
1958; Soulldes and Clark, 1958; Simpson and Melsted, 1963; 
Brown et al., I966; Waid and Pugh, 1957) but this method 
does not have the sensitivity needed for studies of urea 
transformations in soils (it was designed for analysis of 
solutions containing 50-240 ppm of urea), and Keeney and 
Bremner (1967) and Wald and Pugh (I967) found that some soil 
extracts contain substances that Interfere with this method. 
For urea analysis of blood and urine, medical analysts 
(Ormsby, 1942; Wheatly, 1948; Friedman, 1953; Marsh et al., 
1957; Beale and Croft, 196I; Coulombe and Favreau, 1963; 
Crocker, 1967; Evans, 1968) have successfully used color­
imetric methods based on Fearon's (1939) studies of the 
reaction of urea with dlacetyl monoxlme under various 
conditions. However, no attempt has thus far been made to 
develop a dlacetyl monoxlme technique for colorimetric 
determination of urea In soil extracts. 
The lack of a satisfactory method of determining urea 
in soils has greatly hindered research to find compounds 
having potential value as inhibitors of urease activity in 
soils. To evaluate such compounds, it is necessary to 
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determine their effects on urea hydrolysis in soils. This 
is best accomplished by analyses for urea, because determina­
tion of the ammonium formed by urea hydrolysis can be subject 
to serious error through ammonium fixation by soil constit­
uents. 
Inhibition of Urease Activity in Soils 
In a recent discussion of the needs in fertilizer 
research, Cooke (1969) has stressed the need to find methods 
of inhibiting urea decomposition in soils and of thereby 
reducing various problems associated with the use of urea as 
a fertilizer (e.g., volatilization of urea N as ammonia, 
nitrite accumulation, and damage to seedlings). These 
problems result largely from the rapid hydrolysis of urea in 
most soils through urease activity, and several attempts have 
been made to find compounds that will reduce these problems 
by effectively inhibiting soil urease activity. 
Research to find compounds having potential value as soil 
urease inhibitors has been hindered by the lack of a satis­
factory method of evaluating organic and inorganic compounds 
as inhibitors of urease activity in soils. In most studies, 
evaluation has been performed by determining the effect of 
the test compound on ammonia evolution from soils treated 
with urea. This is a tedious and time-consuming method of 
evaluation and, as Pugh and Waid (1969b) have pointed out, 
it is an Indirect and unreliable method because it provides 
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no information about the effect of the test compound on soil 
urease activity. Waid and Pugh (I967) recognized this 
defect of the ammonia-volatilization technique and evaluated 
acetohydroxamic acid as a soil urease inhibitor by deter­
mining its effect on the amount of urea hydrolyzed by 
incubation of an acid soil with urea. They found, however, 
that brown pigments in extracts of this soil complicated 
analysis for urea by the colorimetric method of Watt and 
Chrisp (1954)J and they used the ammonia-volatilization 
method of investigation in subsequent studies of the effects 
of acetohydroxamic acid and other compounds on urease activity 
in soils (Pugh and Waid, 1969a, 1969b). 
Volk (1961) used the ammonia-volatilization technique 
to evaluate coating of urea fertilizer pellets with copper 
sulfate as a method of retarding hydrolysis of fertilizer 
urea in soils. His results showed that this coating did 
not significantly decrease the amount of ammonia evolved in 
7 days from soils treated with 50 ppm of urea in the form of 
urea fertilizer pellets, and they indicated that copper 
sulfate has little effect on soil urease activity. 
Pugh and Waid (1969a, 1969b) also studied the effect of 
copper sulfate on ammonia evolution from soils treated with 
urea. Their results indicated that, when applied at a rate 
equivalent to 640 ppm of soil, copper sulfate had a slight 
inhibitory effect on urease activity in several soils. 
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Several investigations (e.g., Kobashi et al., 1962; 
Romberg and Morris, 1962; Pishbein et al., 1965; Hase and 
Kobashi, 1967; Pishbein, 196%; Pianotti et al., 1966) have 
shown that acetohydroxamic acid and other hydroxamic acids 
are specific, noncompetitive inhibitors of bacterial and 
plant urease. Waid and Pugh (1967) evaluated acetohydroxamic 
acid as a soil urease inhibitor by determining its effect on 
the amount of urea hydrolyzed by incubation of an acid loamy 
sand treated with 4000 ppm of urea. Their results indicated 
that acetohydroxamic acid applied at the rate of 200 ppm of 
soil reduced urease activity in this acidic soil for approxi­
mately 14 days. The inhibitory effect of acetohydroxamic 
acid on soil urease activity was reflected by a gradual rise 
in soil pH where this compound was applied to urea-treated 
soil, as compared with a sharp rise in soil pH where no 
acetohydroxamic acid was applied to urea-treated soil. 
Other studies showed that ammonia loss from urea-treated 
soil was reduced for at least 29 days when 200 ppm of 
acetohydroxamic acid was applied with the urea, and indi­
cated that acetohydroxamic acid is decomposed fairly rapidly 
in soil. 
Pugh and Waid (1969a, 1969b) studied the effects of 
aceto-, propiono-, capro-, caprylo-, phenylaceto-, benzo-, 
and salicylo-hydroxamic acid on ammonia evolution from soils 
treated with 4000 ppm of urea and concluded from their 
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results that acetohydroxamic acid and benzohydroxamlc acid 
were the most effective of these compounds as inhibitors of 
soil urease activity. None of the other hydroxamic acids 
tested significantly reduced ammonia evolution from soils 
Incubated at 20° C and 0.7 bar soil moisture tension after 
treatment with urea. When added at the rate of 300 ppm 
(soil basis), acetohydroxamic acid delayed the onset, and 
reduced the rate, of ammonia loss from 11 acidic soils having 
high sand contents and low ammonia-absorption capacities, 
but had little effect on ammonia loss from 6 soils having 
high clay contents and high cation-exchange capacities. With 
most soils studied, benzohydroxamlc acid was considerably less 
effective than acetohydroxamic acid for reduction of gaseous 
loss of urea N as ammonia, but with one clay loam soil it 
delayed ammonia evolution whereas acetohydroxamic acid and 
other hydroxamic acids slightly accelerated ammonia evolution 
from this soil. 
Pug h and Waid (1969a, 1969b) studied the effect of 
sulfanilamide on ammonia evolution from soils treated with 
4000 ppm of urea and concluded that addition of this com­
pound at the rate .of 1000 ppm of soil had very little effect 
on soil urease activity. They found, however, that addition 
of this compound In conjunction with acetohydroxamic acid 
greatly Increased the retarding effect of acetohydroxamic 
acid on ammonia evolution from two acidic soils treated with 
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urea. To explain this finding, they suggested that sulfa­
nilamide prevents growth of urease-producing organisms or of 
organisms that decompose acetohydroxamlc acid in soils. 
Hyson (1963) patented various salts of alkyl and dialkyl 
dithiocarbamic acids as compounds that, when applied to urea 
fertilizer prills at the rate of 3-8000 ug per g of urea, 
will retard urea hydrolysis by soil urease following addition 
of these prills to soils. However, he did not report results 
obtained with these compounds or indicate how the compounds 
patented were evaluated as soil urease inhibitors. His 
patent gives the following general formula for the compounds 
patented and states that, in this formula, "A is selected 
from the group consisting of sodium, magnesium, potassium, 
calcium, manganese, iron, copper, nickel, zinc, ammonium, 
1 P dimethyl ammonium, and diethyl armnonlum; R and R can be 
the same, or different and are selected from the group con­
sisting of hydrogen and alkyl radicals of less than 3 carbons 
each; and n is the valence of A; provided that at least one 
of R^ and R^ is other than hydrogen" (Hyson, 1963, p. l): 
Pugh and Waid (1969a, 1969b) used the ammonia-
volatilization technique to evaluate sodium diethyldithio-
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carbamate as a soil urease inhibitor. They found that this 
compound retarded ammonia evolution from two soils treated 
with 4000 ppm of urea when added to these soils at a rate 
equivalent to 640 ppm of soil, but that its effect on 
ammonia evolution was much smaller than that of aceto-
hydroxamlc acid added at a rate equivalent to 300 ppm of 
soil. 
Moe (1967) studied the effects of p-chloromercurlbenzoate 
on urea hydrolysis In soils and showed by urea analyses that 
115 ppm of this compound substantially inhibited urease 
activity in a Chalmers silt loam and a Plainfleld loam. He 
found, however, that p-chloromercurlbenzoate also inhibited 
nitrification of ammonium in these soils and did not, there­
fore, decrease the evolution of ammonia from soil samples 
treated with I50 ppm of urea. 
Anderson (I969) has recently patented a number of 
quinones and polyhydrlc phenols as inhibitors of soil urease 
activity. The compounds patented Included catechol, 
pyrogallol, hydroqulnone, p-benzoqulnone, p-naphthoquinone, 
o-naphthoqulnone, 2-chloro-p-benzoquinone, 2,6-dlchloro-
p-benzoqulnone, 2,5-dlchloro-p-benzoqulnone, and 2,5-
dlmethyl-p-benzoquinone. Catechol, hydroqulnone, and 2,5-
dlmethyl-p-benzoquinone were evaluated as inhibitors of soil 
urease activity by studies of their effects on ammonia 
evolution from soil treated with 6OOO ppm of urea. They 
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were added at the rate of 50 ppm of soil, and the number of 
days during which they completely inhibited evolution of 
ammonia was taken as an index of their ability to inhibit 
soil urease activity. The results showed that 2,5-dimethyl-
p-benzoquinone delayed ammonia evolution from urea-treated 
soil for 10 days, whereas catechol and hydroquinone delayed 
ammonia evolution for 6 days. 
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CHAPTER III. MATERIALS AND METHODS 
Materials 
Soils 
The soils used (Table l) were surface (0- to 15-cm) 
samples of Iowa soils selected to obtain a wide range in pH, 
texture, and organic-matter content. Before use, they were 
air-dried and crushed to pass a 2-mm screen. 
In the analyses reported in Table 1, soil pH was deter­
mined by a glass electrode (soil/water ratio, 1:2.5), 
organic carbon by the method of Meblus (196O), total 
nitrogen by a semimicro-Kjeldahl procedure (Bremner, 196O), 
particle-size distribution by pipette analysis (Kilmer and 
Alexander, 1949) after dispersion by Na-saturated Amberlite 
IRC-50 resin (Edwards and Bremner, 1965), carbonate (reported 
as CaCO^) by the pressure-calcimeter method (Allison and 
Moodie, 1965), and cation-exchange capacity by the ammonium-
saturation technique described by Edwards (1967). 
Other materials 
Acetohydroxamic acid was provided by Dr. W. N. Pishbein, 
2-chloro-6-(trichloromethyl)-pyridine by the Dow Chemical 
Co., Midland, Michigan, 2-amino-4-chlor0-6-methy1-pyrimidine 
by Toyo Koatsu Industries, Inc., Tol<yo, and 2,4-diamlno-6-
trlchloromethyl-s-triazine by the American Cyanamid Co., 
Princeton, New Jersey. Urea phosphate was prepared as 
Table 1. Analyses of soils 
Particle-size Cation-
Organic Total distribution exchange 
Soil C N Sand Silt Clay CaCOo capacity 
NÔ1 Type's- pH ^ (meq/lOO g) 
1 Clyde sil 5.5 4.30 0.402 l6 59 25 0.00 29.9 
2 Buckner sa 6.1 0.30 0.032 94 3 3 0.00 2.8 
3 Cresco 1 6.2 2.32 0.205 32 46 22 0.00 19.6 
4 Fayette slcl 6.5 2.19 0.211 4 65 31 0.00 22.7 
5 Grundy slcl 6.7 2 .21 0.201 5 68 27 0.40 21.4 
6 Glencoe sic 6.8 8.92 0.860 8 51 41 0.00 48.8 
7 Clarion sal 6.9 2.19 0.203 51 31 18 0.20 16.7 
8 Nicollet 1 7.0 2.27 0.204 44 36 20 0.00 19.2 
9 Primghar slcl 7.0 3.41 0.313 6 56 38 0.33 33.2 
10 Webster cl 7.3 3.03 0.244 28 41 31 0.00 33.0 
&811, sllty loam; sa, sand; 1, loam; slcl, sllty clay loam; sic, silty clay; 
sal, sandy loam; cl, clay loam; c, clay. 
Table 1. (Continued) 
Particle-size Cation-
-, Organic Total distribution exchange 
C N Sand Silt Clay CaCOg capacity 
No. Type®- (meq/lOO g) 
11 Hayden sal 7.7 2.46 0.164 53 37 10 1.10 11.0 
12 Regina c 8.0 2.30 0.24l 1 21 78 0,02 46.8 
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described by Gasser and Penny (I967). The other chemicals 
used were reagent-grade quality or the best quality available 
commercially, and all water employed was distilled water 
(condensed steam) that had been deionized by treatment with 
ion-exchange resins in a Bantam Demineralizer (Model BD-l). 
Analytical Procedures 
Urea and exchangeable ammonium were extracted from soils 
with 2M KCl-phenylmercuric acetate solution as described in 
Chapter IV. Extracts were subsequently analyzed for urea by 
the colorimetric procedure described in Chapter IV, and for 
ammonium by the steam-distillation procedure described by 
Bremner and Keeney (1965). 
All analyses reported are averages of at least duplicate 
determinations and all soil analyses reported are expressed 
on a moisture-free basis, moisture being estimated from loss 
in weight following drying at 110° C for 18 hours. 
22 
CHAPTER IV. DEVELOPMENT OP METHOD FOR DETERMINATION 
OF UREA IN SOILS 
Introduction 
Problems in quantitative extraction and determination of 
urea in soils have been discussed in Chapter II. Keeney and 
Bremner (1967) found that the hydrolysis problem in extraction 
of urea from soils could be overcome by use of 2M KCl con­
taining compounds that inhibit soil urease activity, but use 
of such inhibitors vitiates urea analysis of the extract by 
urease techniques. An alternative to the use of a urease 
technique for determination of urea in 2M KCl extracts of 
soils is the application of a colorimetrlc method of esti­
mating urea that is not affected by 2M KCl or urease inhib­
itors. The colorimetric method of Watt and Chrisp (1954) 
has been used to determine urea in soil extracts, but this 
method is unsatisfactory because it has low sensitivity and 
is subject to interference by compounds present in soil 
extracts (see Chapter II). An attempt was therefore made 
to modify the 2M KCl extraction procedure so that it does 
not lead to hydrolysis of urea, and to develop a sensitive 
colorimetric method of determining urea that can be applied 
satisfactorily to extracts obtained by this modified pro­
cedure. The requirements of the analytical procedure 
sought were : 
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1. The compound used to inhibit urease activity during 
extraction of soils with 2M KCl should not Interfere 
with extraction of exchangeable ammonium, nitrate, 
nitrite, or urea, or with analysis of the extract 
for these forms of nitrogen. 
2. The colorlmetric method used for determination of 
urea should be accurate, sensitive, and precise, 
and it should not be subject to Interference by 
substances normally present in 2M KCl extracts of 
soils. 
The procedure described in this chapter meets these 
requirements. In this procedure, the soil sample is extracted 
with 2M KCl containing a urease inhibitor (phenylmercurlc 
acetate), and the extract is analyzed for urea by measurement 
of the Intensity of the red color formed when an aliquot is 
heated with diacetyl monoxlme and thlosemicarbazide under 
acidic conditions. The work to develop the diacetyl monoxlme 
method used for colorlmetric determination of urea is 
described in the Appendix. Topics investigated in develop­
ment of this method included color stability, absorbance 
spectrum of the urea reaction product, conformity to Beer's 
law, accuracy and precision, and Interference by nitrogenous 
compounds. The method developed permits accurate and precise 
urea analysis of soil extracts containing less than 20 ppm 
of urea and is about 50 times as sensitive as the method of 
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Watt and Chrlsp (1954). 
Description of Method 
Reagents 
Phenylmercigrlc acetate (PMA) solution Dissolve 50 mg 
of phenylmercurlc acetate (Eastman Organic Chemicals, 
Rochester, New York) in 1 liter of water. 
PotassiiM chloride-phenylmercurlc acetate (2M KCl-PMA) 
solution Dissolve 1,500 g of reagent-grade KCl in 9 
liters of water, and add 1 liter of PMA solution. 
Color reagent Prepare this reagent as described in 
the Appendix. 
Standard urea N solution Dissolve 0.4288 g of urea 
in 2M KCl-PMA solution, and dilute to 2,000 ml with 2M KCl-
PMA solution. If pure, dry urea is used, this solution will 
contain 100 tag of urea N per ml. Store In a refrigerator. 
Procedure 
Place 10 g of soil In a 250 ml, wide-mouth bottle and 
add 100 ml of 2M KCl-PMA solution. Stopper the bottle, 
shake it on a mechanical shaker for 1 hour, and filter the 
resulting suspension (Whatman no. 42 filter paper). If the 
extract cannot be analyzed soon after its preparation, store 
it in a refrigerator. 
To determine urea N, pipette an aliquot (1-10 ml) of 
the extract containing up to 70 ug of urea N into a 50-ml 
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volumetric flask, make the volume to 10 ml with 2M KCl-PMA 
solution, and add 30 ml of color reagent. Swirl the flask 
for a few seconds to mix the contents, and place it in an 
oven at 120° C. After 30 minutes, remove the flask from 
the oven, cool it immediately in running water (13-20° C) 
for 15 minutes, make the contents to 50 ml by adding water, 
and mix thoroughly. Then transfer about 10 ml of this 
solution to a Klett-Summerson colorimeter tube (l.3-cm light 
path), and measure its red color intensity with a Klett-
Summerson photoelectric colorimeter fitted with a green (no. 
54) filter. Calculate the urea-N content of the extract by 
reference to a calibration graph plotted from the results 
obtained with standards containing 0, 10, 40, and JO ug of 
urea-N. To prepare this graph, dilute 10 ml of the standard 
urea N solution to 100 ml with 2M KCl-PMA solution in a 
volumetric flask, and mix thoroughly. Then pipette 0, 1, 4, 
and 7-ml aliquots of this diluted standard solution into 
50-ml volumetric flasks, adjust the volumes to 10 ml by 
adding 2M KCl-PMA solution, and proceed as described for 
urea N analysis of the soil extract. 
Development of Method 
Extraction of urea 
Preliminary work showed that hydrolysis of urea by soil 
urease during extraction of soils with 2M KGl (10 ml/g of 
soil) could be inhibited completely by use of 2M KCl con-
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talning small amounts (less than 100 ppm) of silver sulfate, 
mercuric chloride, or phenylmercuric acetate. It was found, 
however, that both silver sulfate and mercuric chloride 
interfered with determination of urea by the diacetyl 
monoxime method even when the 2M KCl used for extraction 
contained the minimal amount of silver sulfate or mercuric 
chloride needed for complete inhibition of urease activity 
(ca. 5 ppm). Phenylmercuric acetate (PMA) also interfered 
with analysis of soil extracts by the diacetyl monoxime 
method when added at the rate of 10 or 20 ppm to the 2M KCl 
used for extraction. But tests showed that complete inhibition 
of soil urease activity was achieved with 2M KCl containing 
5 ppm of PMA, (equivalent to 50 |ig of PMA/g of soil) and that 
the diacetyl monoxime method could be applied satisfactorily 
to extracts obtained with this 2M KCl-PMA solution. 
The effect of phenylmercuric acetate on hydrolysis of 
urea by soil urease during extraction of soils with 2M KCl 
is illustrated by Tables 2 and 3, which show the recoveries 
of urea obtained by extraction of soils and urease-treated 
soils with 2M KCl and with 2M KCl containing 5 ppm of 
phenylmercuric acetate (the extractant recommended). The 
data show that phenylmercuric acetate completely inhibits 
urease activity during extraction of soils with 2M KCl and 
that the 2M KCl-PMA extraction procedure adopted gives 
quantitative recovery of urea even with soils treated with 
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Table 2. Recovery by method described of urea N added to 
soils 
Soil Recovery of 
no. urea N 
1 100.2 (95.8) 
2 100 A (96.6) 
3 99.8 (89.0) 
5 99.3 (93.2) 
6 99.8 (86.2) 
7 99.3 (98.0) 
8 100.4 (95.0) 
9 100.4 (91.2) 
11 99.3 (94.6) 
12 100.2 (96.0) 
Average 99.9 (93.6) 
^'Recoveries were determined by analyzing 10-g samples of 
soils before and after treatment with 5 ml of urea solution 
containing 500 ug of urea N. Urea solution was added to soil 
immediately after addition of 2M KCl-PMA solution. Figures 
in parentheses are recoveries obtained when 2M KCl was used 
instead of 2M KCl-PMA solution. 
urease. The tests with urease-treated soils were included 
to check that the 2M KCl-PMA extraction procedure would be 
satisfactory for soils having abnormally high urease 
activities. The urease used was obtained from Sigma Chemical 
Co., St. Louis, Missouri. 
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Table 3. Recovery by method described of urea N added to 
urease-treated soils 
Soli Recovery of 
no. urea N 
1 99.9 (53.8) 
2 100.4 (28.6) 
3 99.3 (2.5) 
5 99.9 (0) 
6 99.3 (0) 
8 100.0 (5.0) 
11 99.3 (15.3) 
Average 99.7 (15.0) 
^Recoveries were determined by analyzing 10-g samples of 
urease-treated soils (1 ml of 0.3^ urease solution/lO g of 
soil) before and after treatment with 5 ml of urea solution 
containing 4000 ug of urea N. Urea solution was added to soil 
Immediately after addition of 2M KCl-PMA solution. Figures 
in parentheses are recoveries obtained when 2M KCl was used 
Instead of 2M KCl-PMA. solution. 
Accuracy and precision 
The accuracy and precision of the method described are 
illustrated by Table 4, which gives the results of replicate 
analyses of soils treated with different amount of urea. 
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Table 4. Accuracy and precision of method 
Urea N Urea N recovered^ 
Soil added Range^ Average SD_ 
no. (ppmj 
5 10 9-11 10 0.7 
25 24-26 25 0.8 
100 98-101 100 1.2 
250 :^W3-252 251 1.7 
500 498-504 501 2.2 
8 10 9-10 10 0.7 
25 24-25 25 0.7 
100 98-101 100 1.4 
250 248-251 249 1.6 
500 496-502 499 2.2 
^Recoveries were determined by analyzing 10-g samples 
of soils before and after treatment with 5 ml of urea 
solution containing 20-1000 ug of urea N per ml. Urea 
solution was added to soil immediately after addition of 
2M KCl-PMA solution. SD, standard deviation. 
^Five analyses. 
Recovery tests 
Table 5 gives the results of recovery tests in which 
soils treated with urea, ammonium, nitrite, and nitrate 
were extracted with 2M KCl-PMA solution as in the method 
described, and the extracts were analyzed for urea by the 
30 
Table 5. Recoveries of urea N, ammonium N, nitrite N, and 
nitrate N added to soils 
Soil Recovery of N added to soil ( 
no. Urea Ammonium Nitrite Nitrate 
5 99.3 99.8 99.7 99.4 
6 99.4 100.1 99.9 99.3 
7 99.5 99.8 99.8 99.6 
8 99.3 99.7 99.5 99.7 
Average 99.4 99.9 99.7 99.5 
^'Recoveries were determined by analyzing 10-g samples 
of soils before and after treatment with 5 ml of standard 
solution containing 2000 |ig of urea N, 2000 wg of ammonium N 
(as ammonium sulfate), 2000 pg of nitrite N (as NaNOg), and 
2000 ug of nitrate N (as KNO3). Standard solution was added 
to soil immediately after addition of 2M KCl-PMA solution. 
diacetyl monoxime procedure and for ammonium, nitrite, and 
nitrate by the steam distillation methods described by 
Bremner and Keeney (1966). The data reported show that the 
phenylmercuric acetate in the 2M KCl-PMA solution adopted 
for extraction of urea from soils does not interfere with 
extraction of exchangeable ammonium, nitrite, or nitrate 
and does not affect the steam distillation methods developed 
for ammonium, nitrite, and nitrate analysis of 2M KCl 
extracts of soils. 
Attention should be drawn to the fact that, in the 
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recovery tests reported in Tables 2-5, the soil samples 
were treated with 2M KCl-PMA solution immediately before 
addition of urea or ammonium. Tests in which urea and 
ammonium were added to soils before addition of 2M KCl-PMA 
solution showed that some hydrolysis of urea or fixation 
of ammonium occurred with several soils even when the time 
between addition of urea or ammonium and addition of 
2M KCl-PMA solution was only a few minutes. With most soils, 
however, the recovery of urea was quantitative (> 99^) If 
the time between addition of urea and addition of 2M KCl-PMA 
solution did not exceed 5 minutes. 
Interferences 
Tests showed that the following substances did not form 
colored products under the conditions of the method described 
(tests were performed with 10-ml allquots of aqueous and 
2M KCl-PMA solutions containing 50 Ug of N as substance 
listed) and that they did not interfere with urea N analysis 
by this method when added to urea solutions in amounts such 
that the concentration of N added as substance was equivalent 
to the concentration of urea N (50 |ig of N/lO ml of solution) : 
ammonium sulfate, sodium nitrite, potassium nitrate, biuret, 
thiourea, glutamlne, asparaglne, creatine, creatinine, 
alanine, glycine, aspartlc acid, glutamic acid, lysine, 
arginine, glucosamine, and galactosamlne. Nitrite, biuret, 
and thiourea interfered when the amount of N added as these 
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substances was Increased to 500 Mg/lO ml of solution (10 
times the amount present as urea), but the other substances 
listed did not interfere at this level of addition. If the 
extract under analysis contains significant amounts of 
nitrite J interference by this substance can be eliminated 
very easily by treating the aliquot of extract taken for 
urea analysis with 1 ml of 2^ (w/v) sulfamic acid solution 
and by allowing the treated aliquot to stand for 5 minutes 
before addition of the color reagent. 
Tests with a wide variety of soils showed that the method 
described gives no trace of red color with 2M KCl-PMA extracts 
of soils not previously treated with urea and that it gives 
quantitative recovery of urea added to these extracts. 
Storage of extracts 
A study of the effect of storing extracts obtained by 
shaking urea-treated soils with 2M KCl-PMA solution showed 
that, if stored in a refrigerator (5° C), these extracts 
can be stored safely for at least 3 weeks before analysis 
for urea N (Table 6). 
Discussion 
Any colorimeter or spectrophotometer that permits color 
intensity measurements at 500-550 mn can be used for the 
procedure described. The maximum absorption of the color 
is at 527 mm (see Appendix). 
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Table 6. Urea N analyses of stored extracts of urea-
treated solls^ 
Soil 
Time of storage 
ug of urea 
of extract at 5° C (days) 
n/10 ml of extract 
no. 0 10 21 
1 49.9 49.6 49.9 
2 50.0 49.9 49.7 
5 49.9 49.6 49.8 
6 49.7 49.5 49.6 
8 50.0 49.7 49.8 
9 49.8 50.0 49.7 
11 49.9 49.7 49.6 
^Extracts were prepared by shaking 10-g samples of 
soils with 100 ml of 2M KCl-PMA solution containing $00 ug 
of urea N for 1 hour. Filtered extracts were stored in a 
refrigerator at 5° C. 
A bath of boiling water can be used instead of an oven 
for the heating stage of the method described. If a water 
bath is used, the time required for maximal color develop­
ment is 27 minutes (see Appendix). It is important that 
the flask used for color development be cooled immediately 
after it is removed from the oven because some loss of 
color occurs if the flask is not cooled rapidly as specified 
(see Appendix). 
Calibration graphs prepared from urea standards as 
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described show a linear relationship between urea N concen­
tration and color Intensity, but they differ slightly from 
day to day. It Is recommended, therefore, that urea 
standards be Included in each series of analyses. 
The color developed in the method described Is photo­
sensitive but this is not a problem if color intensity 
measurements are performed shortly after color development, 
because color fading Is negligible if the time between color 
development and color intensity measurement does not exceed 
one hour. Color intensity measurements can be postponed for 
several hours if the colored solutions are stored in the 
dark (see Appendix). 
The color reagent is unstable and should be prepared 
Immediately before use. The other reagents are stable for 
several weeks if stored in a refrigerator. 
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CHAPTER V. DEVELOPMENT OP METHOD FOR EVALUATION 
OP DIFFERENT COMPOUNDS AS INHIBITORS 
OF UREASE ACTIVITY IN SOILS 
Introduction 
As noted in Chapter II_, research to find compounds 
having potential value for Inhibition of urease activity In 
soils has been hindered by the lack of a simple method of 
evaluating different compounds as soil urease inhibitors. 
Besides having other defects discussed in Chapter II, the 
ammonia-volatlllzatlon method thus far used for evaluation 
of soil urease inhibitors is too time-consuming to allow an 
extensive study of the abilities of different compounds to 
Inhibit soil urease activity. 
For rapid evaluation of different compounds as inhibitors 
of urease activity In soils. It is necessary to have a simple 
method of assaying soil urease activity. Many methods of 
assaying soil urease activity have been proposed (e.g., 
Hofmann and Schmidt, 1953; McLaren et al., 1957; Stojanovlc, 
1959; Hoffman and Teicher, 1962; Porter, 1965; McGarity and 
Myers, 1967; Slcujins and McLaren, I969), but most involve 
use of buffers, which precludes their use for studies of 
the effects of different compounds on soil urease activity 
under reasonably natural conditions. Also, most methods 
proposed Involve determination of the ammonium released by 
incubation of soil with urea, and application of these 
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methods is complicated by the ability of many soils to fix 
ammonium. Moreover, several methods proposed involve 
incubation of soil with urea in the absence of toluene 
(the reagent generally used to inhibit microbial activity 
in assay of soil enzyme activity), and it is doubtful if 
such methods provide a valid assay of soil urease activity, 
particularly when the time of incubation exceeds 10 hours. 
Another criticism of methods proposed for assay of soil 
urease activity is lack of evidence that the substance (urea) 
concentration adopted is not a limiting factor in the assay 
procedure (the urea N concentrations in the methods proposed 
range from less than 400 to more than 40,000 ug of urea N/g 
of soil). 
The purpose of the work reported in this chapter was 
to develop a rapid method of studying the abilities of dif­
ferent compounds to Inhibit urease activity in soils. The 
method developed for this purpose and described here 
involves determination of the effect of the test compound 
on the amount of urea hydrolyzed by Incubation of soil with 
urea (1000 ppm of urea n) and toluene at 37° C for 5 hours. 
This method is simple and precise, and it is readily adapted 
for studies of the rate of inactivation of urease inhibitors 
in soils. The procedure used for determination of urea 
gives quantitative recovery of urea added to soils and is 
not subject to interference by soil constituents or by 
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compounds evaluated as soil urease Inhibitors by the method 
described. 
Description of Method 
Reagents 
Urea solution Dissolve 2.144 g of urea (Fisher 
certified reagent. Fisher Scientific Co., Fair Lawn, New 
Jersey) in water, and dilute the solution to 500 ml. If 
pure, dry urea is used, this solution will contain 2 mg of 
urea N per ml. Prepare immediately before use. 
Toluene Fisher certified reagent (Fisher Scientific 
Co., Chicago, Illinois). 
Potassium chloride-phenylmercuric acetate (2M KCl-PMA) 
solution and reagents for colorimetric determination of 
urea Prepare as described in Chapter IV and in the 
Appendix. 
Procedure 
Place duplicate 10-g samples of soil (< 2 mm) in 8-oz 
(ca. 260-ml) French square bottles and add 1 ml of toluene 
and 5 ml of urea solution. Treat one sample with 5 ml of 
water and treat the other with 5 ml of a solution containing 
500 ijg of the test compound. Stopper the bottles, swirl 
them for a few seconds to mix the contents, and place them 
in an incubator at 37° C. After 5 hours, treat the 
incubated samples with 100 ml of 2M KCl-PMA solution and 
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shake the mixtures on a mechanical shaker for 1 hour. 
Filter the resulting suspensions (Whatman no. 42 paper) 
and analyze the filtrates for urea by the colorimetric 
procedure described in Chapter IV. Calculate the percentage 
Inhibition of soil urease activity by the test compound from 
(A-B)/(C-B) X lOO, where A = amount of urea found after 
Incubation of soil sample treated with test compound, B = 
amount of urea found after incubation of soil sample not 
treated with test compound, and C = amount of urea added. 
If the soil used does not fix ammonium, urea hydrolysis 
can be followed satisfactorily by analysis of the soil 
extracts for ammonium instead of urea. If this technique 
is adopted, ammonium should be determined by the Bremner-
Keeney (1966) steam, distillation procedure (a 10-ml aliquot 
of soil extract is suitable for this analysis), and control 
analyses should be performed to allow for ammonium in the 
soil before incubation with urea and toluene. Allowance 
should also be made for the slight (< 0.1^) decomposition of 
urea N to ammonium N that occurs when urea is distilled with 
MgO for 3.3 minutes under the conditions of the Bremner-
Keeney (1966) method of determining ammonium. 
Development of Method 
Incubation temperature 
The method described is based on studies of factors 
affecting hydrolysis of urea by soil urease on incubation 
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of 10-g samples of soils with 10 ml of urea solution and 1 ml 
of toluene at 37° C. Incubation was performed at 37° C 
because this temperature has been used extensively for assay 
of urease activity, and preliminary work with soils 4j 8, 9, 
and 10 showed that it was not necessary to use a higher 
temperature to obtain substantial and precisely determinable 
hydrolysis of urea by soil urease under the conditions of 
the method described. The possibility that some chemical 
hydrolysis of urea might occur on incubation of soils with 
urea at 37"' C was checked by experiments with soils sterilized 
by heating in an autoclave at 120° C for 60 minutes (this 
treatment completely destroys urease activity). No hydrol­
ysis of urea was detectable when these soils were incubated 
with urea at 37° C for 5 hours under the conditions of the 
method described. 
Toluene 
The amount of toluene used (1 ml) was decided from 
experiments with soils 4^ 8, and 10 showing that the results 
obtained by the method described were not affected when the 
amount of toluene was increased from 1.0 ml to 2.5 or 5.0 
ml. The results with 0.5 ml of toluene were practically 
identical to those obtained with 1.0 ml. 
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Water level 
The amount of water used (10 ml) was decided from experi­
ments showing that 10 ml of water were needed for adequate 
mixing of 10-g samples of soils with the substrate (urea) 
solution (precise results could not be obtained with less 
than 10 ml of water) and that the amount of urea hydrolyzed 
by incubation of 10-g samples of soils with urea (1000 ppm 
of urea N) at 37° C in the presence of 1 ml of toluene 
decreased when the amount of water added was increased from 
10 ml to 15J 20, or 25 ml. 
Substrate concentration 
For valid assay of enzymatic activity, it is necessary 
to ensure that the enzyme substrate concentration is not a 
limiting factor in the assay procedure. A study of the 
effect of varying the substrate (urea) concentration in the 
method described (Figure l) showed that the concentration 
adopted (1000 ug of urea N/ml of water or g of soil) was 
satisfactory for assay of urease activity in the soils used 
in this work. 
Time of incubation 
Figure 2 shows results obtained in a study of the effect 
of varying the time of incubation in the method described. 
The observed linear relationship between time of incubation 
and amount of urea hydrolyzed is evidence that the method 
4l 
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Figure 1. Effect of urea concentration on urea hydrolysis 
in method described 
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proposed measures enzymatic hydrolysis of urea by soil 
urease and Is not complicated by microbial growth or 
assimilation of enzymatic reaction products. It also shows 
that the substrate concentration is not a limiting factor in 
this method even when the time of incubation is increased 
from 5 to 10 hr. Experiments with soil 4 showed that 
hydrolysis of urea in assay of soil urease activity by the 
method described was a zero-order reaction for at least 15 
hr. In other words, these studies indicated that the time 
of incubation adopted (5 hr) can be safely extended to at 
least 10 hr if the soil under study has an unusually low 
urease activity. 
Precision 
The high precision of the results obtained in assay of 
soil urease activity by the method described is illustrated 
by Table which gives the results of replicate analyses 
of five soils. 
Application of Method 
Table 8 shows results obtained when the method described 
was used to compare the effects on soil urease activity of 
five compounds previously used to inhibit urease activity in 
soils. The data reported show that the method proposed gave 
highly reproducible results and that, when compared by this 
method, the inhibitory effects of the five compounds studied 
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Table 7. Precision of results obtained in assay of 
urease activity by method described 
soil 
Soil lag of urea N hydroljzed/g of soil/5 hr^ 
no. Range Mean CVD 
4 160-167 163.2 1.9 
6 310-318 313.6 1.0 
8 244-252 248.2 1.2 
9 242-250 245.8 1.3 
10 279-287 282.6 1.1 
^Results of five analyses of each soil. 
^Coefficient of variation ($). 
decreased in the order: catechol > hydroquinone > p-
benzoquinone > sodium p-chloromercuribenzoate > acetohydroxamic 
acid. Work reported in the next chapter shows that the 
results of such comparisons by the method described are 
similar with different soils. 
The Webster soil (no. 10) used in the experiments 
reported in Table 8 has a very low capacity to fix ammonium 
and, as Table 8 shows, the results obtained when the effects 
of different compounds on urease activity in this soil were 
studied by analyses for ammonium after incubation were 
practically identical to those obtained by analyses for 
urea. However, experiments with the Primghar soil (no. 9) 
Table 8. Effects of various compounds on soil urease activity^ 
% inhibition of soil urease activity by compound^ 
A B 
Compound Range Mean cv Range Mean cv 
Acetohydroxamlc acid 12.6-13 .6 13.0 2 . 9  12.7-13 .6 13.1 2.5 
Sodium p-chloromercuribenzoate 31.6-33 .7 32.5 2.6 31.8-33 .6 32.6 2.2 
Hydroquinone 58.5-61 .7 60.0 1.9 58.7-61 .7 60.2 2.2 
p-benzoquinone 56.8-59 .6 58.1 1.7 56.9-59 .4 58.1 1.8 
Catechol 71.9-75 .0 73.2 1.6 72.2-74 .5 73.4 1.4 
Effects of compounds on urease activity of Webster soil (no. lO) were 
determined by method described. Rate of addition of each compound was equivalent 
to 50 ppm of soil. 
^Results of f ive replicate experiments with each compound. A, ^ Inhibition 
calculated from effect of compound on amount of urea hydrolyzed; B, % inhibition 
calculated from effect of compound on amount of ammonium released. CV, coefficient 
of variation (^). 
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and with other soils having a significant capacity to fix 
ammonium showed that, when the method described was used 
to study the inhibitory effects of various compounds on 
urease activity in these soils, the inhibition values 
calculated from analyses for ammonium after Incubation 
were considerably higher than those calculated from analyses 
for urea. 
Table 9 shows results obtained when the method described 
was adapted to study the rate of inactivation of urease 
inhibitors in soils. The adaptation involved incubation of 
the soil sample with urease inhibitor at 30° C for various 
times before incubation with urea and toluene for 5 hours as 
in the method described. The data reported show that the 
inhibitors studied were inactivated to different extents by 
Incubation with soil at 30° C and that their rates of 
inactivation under the conditions studied decreased in the 
order: acetohydroxamic acid > sodium p-chloromercuribenzoate > 
hydroquinone > p-benzoquinone > catechol. 
Discussion 
The colorimetric procedure used for determination of 
urea is fully described in the Appendix and in Chapter IV. 
Its sensitivity is such that a 1-ml aliquot of soil extract 
is adequate for urea analysis in the method described. 
Tests with compounds having potential value as urease 
Table 9. Effect on soil urease activity of Incubating soil with urease inhibitors 
at 30° C for various times®-
Inhibitor 
Time of incubation of soil with inhibitor (da^s) 
IT 7 
Acetohydroxamic acid 13 
inhibition of soil urease activity 
0 0 
Sodium p-chloromercurlbenzoate 32 27 14 
Hydroqulnone 
p-benzoquinone 
60 
58 
42 
38 
14 
23 
12 
18 
Catechol 73 54 39 30 
^10-g samples of Webster soil (no. 10) treated with 3 ml of \.ater or with 
3 ml of water containing 500 lag of inhibitor were incubated at 30° C in stoppered 
8-oz French square bottles for time specified. Samples were then treated with 
1 ml of toluene and 7 ml of solution containing 10 mg of N as urea. Incubated at 
37° C for 5 hr, and analyzed for urea as in method described. Soil moisture 
content during incubation at 30° C was equivalent to 50$ of water-holding 
capacity. 
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Inhibitors (see Chapter VI) showed that, when added to soils 
at the level specified in the method proposed (50 ppm), none 
of these compounds interfered with determination of urea 
in soils by the procedure described. 
Control analyses should be performed to allow for any 
urea in the soil used, but such analyses are not usually 
required (measurable amounts of urea are not detectable in 
soils not recently treated with this compound). 
Tests with soils 4, 8, 9, and 10 showed that a 5-minute 
period of shaking with 2M KCl-PMA solution was adequate for 
quantitative extraction of urea but gave lower recovery of 
ammonium than the 60-minute period specified. 
The phenylmercuric acetate in the 2M KCl used for 
extraction after incubation completely inhibits urease 
activity during extraction (see Chapter IV). If the 
extracts cannot be analyzed soon after preparation, they 
can be safely stored for several days if kept in a 
refrigerator (see Chapter IV). 
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CHAPTER VI. EVALUATION OF VARIOUS COMPOUNDS AS INHIBITORS 
OP UREASE ACTIVITY IN SOILS 
Introduction 
The objective of the work described in this chapter was 
to evaluate a large number of organic and inorganic compounds 
as inhibitors of urease activity In soils. Evaluation was 
performed by the 5-hour incubation test described in Chapter 
V. Unless otherwise specified, the compounds evaluated as 
urease inhibitors were added to soil in aqueous solution, 
and the rate of addition of each compound was equivalent to 
50 ppm of soil. The compounds found most effective as soil 
urease inhibitors by the 5-hour incubation test were further 
evaluated by studies of their rates of Inactlvatlon in soils. 
Results and Discussion 
Evaluation of inorganic compounds 
Studies of the effects of various metallic compounds 
on urease activity in soils 4 and 10 (Table 10) showed 
that the inhibitory effects of 50 ppm (soil basis) of the 
various metal ions tested decreased in the order Ag"^ > 
> Au3+ > Cu2+, Cu"^ > 00^+, Pb^"*", As^"*", Pb^, Cr3+, 
2+ 
Ni > others. They also showed that, of the metallic salts 
tested, only those containing silver, mercury, gold, or 
copper had a substantial effect on soil urease activity 
under the conditions of the 5-hour test. The results with 
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Table 10. Effects of metallic compounds on soil urease 
activity 
$ inhibition 
Metallic of urease activity 
Compound cation^ Soil 4 Soil 10 
Silver nitrate Ag^ 
Silver sulfate Ag+ 
Cuprous chloride Cu"^ 
Lead nitrate Pb+ 
Sodium chloride Na+ 
Sodium sulfate Na'*' 
Potassium chloride K+ 
Mercuric chloride 
Mercuric sulfate Hg2+ 
Cupric chloride Cu2+ 
Cupric sulfate Cu^^ 
Lead chloride Pb2+ 
Cobaltous chloride Co2+ 
Manganous chloride Mn^"^ 
Nlckelous chloride Nl2+ 
Calcium chloride Ca^ 
Magnesium chloride Mg^ 
Barium chloride Ba^^ 
Zinc chloride Zn^^ 
Gold chloride (HAuCli|.) Au^^ 
Arsenic chloride As^ 
Chromium chloride Cr^ 
Aluminum chloride Al^^ 
Ferric chloride Pe3^ 
65 60 
63 61 
l6 14 
3 2 
0 0 
0 0 
0 0 
42 38 
40 36 
l6 13 
14 15 
4 4 
4 6 
0 0 
1 2 
0 0 
0 0 
0 0 
0 0 
18 20 
4 2 
3 2 
0 0 
0 0 
&Rate of addition of each cation was equivalent to 50 
ppm of soil. 
Cu^^ and Cu"*" salts and with Pb^^ and Pb"*" salts show that 
the effects of these compounds on soil urease activity were 
not related to the valency state of their metal ions, and 
the results with Ag^, and Na"^ chlorides and sulfates 
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show that the anions In these compounds did not affect soil 
urease activity. 
Volk (1961) and Pugh and Wald (1969a, 1969b) evaluated 
copper sulfate as a soil urease inhibitor by studying its 
effect on ammonia evolution from soils treated with urea. 
Volk's work showed that coating of urea fertilizer pellets 
with copper sulfate did not significantly decrease gaseous 
loss of urea N as ammonia from soils treated with these 
pellets and indicated that the copper sulfate treatment 
studied in his work had very little effect on soil urease 
activity. Pugh and Wald's results indicated that copper 
sulfate applied at the rate of 640 ppm of soil had a slight 
Inhibitory effect on urease activity in several soils. 
The following compounds were found to have very little 
effect on soil urease activity when applied to soils 4 and 
10 at the rate of $0 ppm of soil (the average ^  inhibition 
values obtained in the 5-hour test are given in parentheses): 
sodium azlde (< 1^), potassium dlhydrogen phosphate (< 1$), 
sodi-um sulfite (< 1$), sodium bisulfite (4#), arsenic 
trioxlde (4^), arsenic pentoxide (3^), lead sulfide (3/^). 
Studies in which H"*" was added as H^PO^ and HNO^ to soils 
4, 8, and 10 showed that the inhibitory effect of 50 ppm of 
on soil urease activity was greater than that of 50 ppm 
of Cu^^ or Au^"^. The ^  inhibition values obtained in the 
5-hour test were 27-32^ with phosphoric acid and 27-36^ 
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with nitric acid. 
The findings in these studies concerning the relative 
effects of various metal ions on soil urease are similar to 
those in studies of the inhibitory effects of different 
metal ions on jackbean or soybean urease (see Shaw, 195^; 
Varner, 196O; Shaw and Ravel, I96I; Bahadur and Chandra, 
1962; Toren and Burger, I968). However, the present 
Investigation showed that the amounts of Ag"^, Hg^^, and 
needed to effect substantial inhibition of soil urease 
are much greater than the amounts reported necessary for 
equivalent inhibition of jackbean or soybean urease (Ambrose 
et al., 1951; Shaw, 1954; Shaw and Ravel, I96I; Bahadur and 
Chandra, 1962; Toren and Burger, I968). This is not sur­
prising in view of the cation-exchange and metal-complexlng 
properties of soils. 
Evaluation of organic compounds 
Table 11 shows results obtained in studies of the 
effects of sulphanilamlde, dithiocarbamates, hydroxamates, 
and organic mercury compounds on soil urease activity. 
Pugh and Waid (1969a, 1969b) studied the effects of 
sulphanilamlde, sodium diethyldithiocarbamate, 
acetohydroxamlc acid, and benzohydroxamic acid on soil 
urease activity by the ammonia-volatilization technique 
and concluded that the effectiveness of these compounds as 
soil urease inhibitors decreased in the order: 
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Table 11. Effects of sulfanilamide, 
hydroxamates, and organic 
soil urease activity 
dithiocarbamates, 
mercury compounds on 
Compound®" 
io inhibition of urease 
activity by compound 
Soil 4 Soil b Soil 10 
Sulfanilamide < 1 < 1 < 1 
Sodium diethyldithiocarbamate 3 3 1 
D irae thylammonium 
dimethyldithiocarbamate 7 7 u 
Acetohydroxamic add 16 14 13 
Benzohydroxamic acid 12 10 8 
Sodium p-chloromercuribenzoate 38 36 32 
Phenylmercuric acetate 71 65 64 
^Rate of addition of each compound was equivalent to 
50 ppm of soil. 
acetohydroxamic acid > benzohydroxamic acid > sodium 
dlethyldlthlocarbamate > sulphanilamide. The data in Table 
11 confirm this conclusion. 
Hyson (1963) patented metallic, ammonium, and 
dimethylammonium salts of alkyl and dialkyl dithiocarbamic 
acids as inhibitors of urease activity in soils, but his 
patent did not report results obtained with these compounds 
or indicate how the dithiocarbaniates patented were evaluated. 
The dithiocarbamates tested in this investigation (sodium 
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diethyldithlocarbamate and dimethylairanonium dlmethyldithlo-
carbamate were the only compounds patented by Hyson that 
could be obtained commercially. As Table 11 shows, they 
gave less than 8^ inhibition of soil urease activity under 
the conditions of the 5-hour test. 
Several Investigations (e.g., Kobashi et al., 1962; 
Kornberg and Morris, 1962; Pishbein et al., 1965; Pianotti 
et al., 1966; Pishbein, 1967; Hase and Kobashi, 196?) have 
shown that acetohydroxamlc acid and other hydroxamic acids 
are specific, noncompetitive inhibitors of bacterial and 
plant urease. Pugh and Wald (•1969a, 1969b) evaluated aceto-, 
proplono-, caprl-, caprylo-, benzo-, salicylo-, and 
phenylaceto-hydroxamlc acid as soil urease inhibitors by 
the ammonia-volatilization technique (see also Wald and 
Pugh, 1967). Their results indicated that only aceto- and 
benzo-hydroxamic acid are markedly effective as soil urease 
inhibitors and that, with most soils, acetohydroxamic acid 
is considerably more effective than benzohydroxamic acid. 
Table 11 shows that the two organic mercury compounds 
studied (phenylmercuric acetate and sodium p-
chloromercuribenzoate) were considerably more effective 
than acetohydroxamic acid for inhibition of urease 
activity in soils. Phenylmercuric acetate was tested 
because previous work showed that this compound completely 
inhibited urea hydrolysis by soil urease during extraction 
of soils with 2M KCl (see Chapter IV). The results with 
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sodium p-chloromercurlbenzoate confirm Moe's (1967) finding 
that this compound has a marked inhibitory effect on soil 
urease activity. Moe (1967) found that p-
chloromercuribenzoate applied at the rate of II5 ppm 
of soil inhibited nitrification as well as urease activity 
in two soils studied and did not decrease gaseous loss of 
urea N as ammonia following treatment of these soils with 
urea. 
Table 12 shows results obtained in studies of the 
effects of various urea derivatives and substituted ureas 
on soil urease activity. The small inhibitory effects 
observed with urea phosphate, urea nitrate, and urea oxalate 
can be attributed to the acids in these compounds because 
tests previously discussed showed that acids depress urease 
activity in soils. Kistiakowsky and Shaw (1953) found that 
thiourea inhibited jackbean urease, and Table 12 shows that 
this compound was more effective than other substituted 
ureas tested for Inhibition of urease activity in soils. 
The inhibitory effect observed with guanylurea sulfate can 
be attributed in part to the sulfuric acid in this com­
pound. Gale {1965) found that hydroxyurea was a potent 
inhibitor of jackbean urease, but Table 12 shows that this 
compound did not have a marked inhibitory effect on soil 
urease activity. 
Table 13 shows results obtained in a study of the 
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Table 12. Effects of urea derivatives and substituted ureas 
on soil urease activity 
fo inhibition of urease 
activity by compound 
Compound^ Soil 4 Soil b Soil 10 
Urea phosphate 2 1 1 
Urea nitrate 1 < 1 1 
Urea oxalate 1 1 < 1 
Biuret (carbamylurea) 3 2 2 
Hydroxyurea 4 2 1 
Thiourea 9 6 7 
Phenylurea 5 4 2 
Guanylurea sulfate 7 5 3 
®'Rate of addition of each compound was equivalent to 
50 ppm of soil. 
effects on soil urease activity of 17 compounds patented as 
inhibitors of nitrification in soils. It can be seen that 
only one of these compounds (CL 158O) had a measurable 
effect on soil urease activity under the conditions of the 
5-hour test and that the inhibition observed with this 
compound was less than 2%, 
Tables l4 and 15 show results obtained in studies of 
the effects of various phenolic compounds on soil urease 
activity. The data for monohydric phenols in Table l4 
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Table 13. Effects of various nitrification Inhibitors on 
soli urease activity 
^ Inhibition 
of urease activity 
Nitrification inhibitor^ Soil 4 Soil 8 Soil 10 
2-chloro-6-( trichlorome thyl) -
pyridine (N-Serve)D <1 0 0 
2-ainino-4-chloro-6-raethyl-
pyrimidlne (AM)c <1 <1 0 
Sulfathiazole (ST)^ <1 <1 0 
2,4-dlamino-6-trichloro-
methyl-s-triazine (CL 1580)^ 2 2 1 
o-nitroaniline^ 0 0 0 
m-nltroanlllne^ 0 0 0 
p-nitroaniline^ 0 0 0 
o-chloroanlline^ 0 0 0 
m-chloroanlline^ 0 0 0 
p-chloroaniline^ < I <1 0 
2-aminopyrldlne^ 0 0 0 
2-chloropyrldlne^ <1 0 0 
3-chloroacetanilide^ 0 <1 0 
^Rate of addition of each nitrification inhibitor was 
equivalent to 50 ppm of soil. 
^Patented by the Dow Chemical Co., Midland, Michigan. 
^Patented by Toyo Koatsu Industries, Inc., Tokyo, 
Japan. 
^Patented by the American Cyanamld Co., Princeton, New 
Jersey. 
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Table 13. (Continued) 
Nitrification inhibitor^ Soil 4 Soil 8 Soil 10 
^ inhibition 
or urease activity 
m-nitroacetanilide^ 
N-nitrOS od ime thylamine^ 
N-methyl-N-nltrosoanlllnet> 
2-methyl-3-butyn-2-ol^ 
0 
0 
0 
0 < 1 
0 
0 
0 
0 
0 
0 
0 
show that, of the 13 compounds tested, only phenol and 4-
chlorophenol gave marked inhibition of soil urease activity. 
Experiments with soils 4, 8, and 10 showed that, when applied 
at the rate of 50 ppm of soil, 1-napthol gave less than 2^ 
inhibition of soil urease activity under the conditions of 
the 5-hour test. It is difficult to account for these 
findings, particularly since tests with benzene and anisole 
(methoxybenzene) showed that the phenolic hydroxy 1 group 
In unsubstituted phenol must be responsible for the 
effectiveness of this compound as a soil urease inhibitor 
(see Table 17). 
Anderson (1969) patented polyhydric phenols as 
inhibitors of urease activity in soils and reported tests 
in which catechol and hydroqulnone were evaluated by 
studying their effects on ammonia volatilization from soils 
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Table l4. Effects of monohydrlc phenols on soil urease 
activity 
% inhibition of urease 
activity by compound 
Compound^ Soil 4 Soil 8 Soil 10 
Phenol 43 41 41 
4-chlorophenol 37 37 30 
2,5-dichlorophenol < 1 0 0 
2-nitrophenol < 1 < 1 0 
4-nitrophenol 0 0 0 
2J 4-dinitrophenol < 1 < 1 < 1 
2,4,6-trinltrophenol 
(picric acid) < 1 < 1 0 
4-chloro-2~nitrophenol 0 0 0 
4-hydroxybenzoic acid < 1 < 1 < 1 
2-aminophenol 0 0 0 
4-arainophenol 0 < 1 0 
2-raethoxyphenol (guaiacol) 0 0 0 
4,6-dinitro-2-methoxyphenol < 1 < 1 0 
^Rate of addition of each compound was equivalent to 
50 ppm of soil. 
treated with urea. Table 15 shows that, of the seven 
polyhydric phenols tested, only catechol and hydroquinone 
had a marked effect on soil urease activity. No explana­
tion of the relative ineffectiveness of the other polyhydric 
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Table 15. Effects of dihydric and trihydric phenols on 
soil urease activity 
^ inhibition of urease 
activity by compound 
Compound^ Soil 4 Soil 8 Soil 10 
1,2-dihydroxybenzene (catechol) 77 71 73 
1,3-dihydroxybenzene (resorcinol) 4 2 2 
1,4-dihydroxybenzene (hydroquinone) 69 63 60 
3,4-dlhydroxybenzoic acid 
(protocatechuic acid) < 1 < 1 0 
1,2,3-trihydroxybenzene 
(pyrogallol) 6 5 2 
1,3,5-trihydroxybenzene 
(phloroglucinol) 2 2 < 1 
3,4,5-trihydroxybenzoic acid 
(gallic acid) < 1 1 0 
&Rate of addition of each compound was equivalent to 
50 ppm of soil. 
phenols tested is apparent. 
Since the experiments reported in Tables l4 and I5 
showed that several phenolic compounds have marked inhibitory 
effects on urease activity in soils, an attempt was made to 
evaluate polyphenolic substances (lignins, tannins, and 
humic acids) as soil urease inhibitors. To evaluate these 
high-molecular weight substances by the 5-hour incubation 
test, it was necessary to apply them as solids because their 
6l 
low solubility in water did not allow their application in 
aqueous solution at the rate of 50 ppm of soil. Tests 
were performed with soils 4 and 10, and the substances 
tested Included two commercial lignin preparations 
( Indu lin A and Meadol MM), five commercial tannin prepara­
tions (quebracho, sumac, mimosa wattle, myrabalm, and 
chestnut), and three humic acid preparations (isolated 
from Iowa surface soils by the customary alkali and acid 
treatments). The results showed that none of the substances 
tested gave more than 4^ inhibition of soil urease activity 
under the conditions of the 5-hour Incubation test. 
A study of the effects of various quinones and sub­
stituted quinones on urease activity in soils showed that 
all compounds tested except 2,5-dlhydroxy-p-benzoquinone 
had a marked inhibitory effect (Table l6). Anderson (1969) 
patented quinones and substituted quinones as soil urease 
inhibitors and reported ammonia-volatilization tests 
indicating that 2,5-dimethy 1-p-benzoquinone is more 
effective than catechol or hydroquinone and that synergism 
occurs when this substituted quinone is applied to soils 
in conjunction with catechol or hydroquinone. The data 
in Tables 15 and I6 do not confirm Anderson's (1969) con­
clusion that 2,5-dimethy 1-p-benzoquinone is more 
effective than catechol or hydroquinone as a soil urease 
inhibitor, but this divergence is explained by studies 
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Table l6. Effects of quinones and substituted qulnones on 
soil urease activity 
% inhibition of urease 
activity by compound 
Compound^ Soil 4 Soil 8 . Soil 10 
p-benzoqulnone 68 61 58 
2,5-dichloro-p-benzoquinone 68 62 56 
2,5-dimethyl-p-benzoqulnone 35 33 29 
2,5-dihydroxy-p-benzoquinone 6 6 
2,6-dichloro-p-benzoqulnone 63 60 52 
1,2-napthoquinone 48 42 42 
%ate of addition of each compound was equivalent to 
50 ppm of soil. 
reported below showing that the inhibitory effect of 2,5-
dimethyl-p-benzoquinone on soil urease activity Increased 
with time (Anderson's tests to evaluate 2,5-dlmethyl-p-
benzoquinone involved incubation for several days, whereas 
the incubation time in the tests reported in Tables 15 and 
16 was only 5 hours). 
Studies of the effects of miscellaneous organic compounds 
on soil urease activity (Table 17) showed that, of the 12 com­
pounds tested, only N-ethylmalelmide had a marked inhibitory 
effect. Three of the compounds tested (N-ethyImaleImlde, 
iodoacetic acid, and lodoacetamide) have been found to inhibit 
some enzymes containing sulfhydryl groups (Webb, I966). 
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Table 17. Effects of various organic compounds on soil 
urease activity 
% inhibition of urease 
activity by compound 
Compound Soil 4 Soil 8 Soil 10 
Benzene < 1 0 0 
Methoxybenzene (anisole) 2 1 1 
1,2-dimethoxybenzene (veratrol) 0 < 1 0 
Benzoic acid 0 0 0 
3,4-dimethoxybenzoic acid 
(vanillic acid) < 1 < 1 0 
N-ethyImaleimide 28 24 23 
Methylmaleic acid (citraconic acid) 2 1 < 1 
Maleic acid 4 3 2 
Phthalimide < 1 0 0 
lodoacetic acid < 1 0 0 
lodoacetamide < 1 0 0 
Potassium ethylxanthate < 1 0 0 
%ate of addition of each compound was equivalent to 
50 ppm of soil. 
Urease is thought to depend a great deal on sulfhydryl groups 
for its enzymatic activity (Varner, I96O). 
Studies with most effective Inhibitors 
Table I8 shows the averages of the results obtained 
with soils 4, 8, and 10 when the most effective of the 
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Table 18. Comparison of organic and Inorganic compounds as 
Inhibitors of soil urease activity 
% inhibition 
of urease activity 
Compound^ Range Average 
Organic 
Catechol 71 
- 77 74 
Phenylmercuric acetate 64 - 71 67 
Hydroqulnone 60 - 69 64 
p-benzoqulnone 58 - 68 62 
2,5-dichloro-p-benzoquinone 56 - 68 62 
2,6-dichloro-p-benzoquinone 52 - 63 58 
1J 2-naphthoquinone 42 - 48 44 
Phenol 41 - 43 42 
Sodium p-chloromercuribenzoate 32 - 38 35 
4-chlorophenol 30 
- 37 35 
2j5-dimethyl-p-benzoquinone 29 - 35 32 
N-ethylmaleImide 23 - 28 25 
Acetohydroxamic acid 13 - l6 14 
Inorganic 
Silver sulfate 45 - 52 48 
Mercuric chloride 35-39 37 
&Rate of addition of each compound was equivalent to 
50 ppm of soil. 
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Table l8. (Continued) 
Compound^ 
fo inhibition 
of urease activity 
Range Average 
Inorganic continued 
Gold chloride 
Copper sulfate 
17 - 19 18 
13 - 14 14 
various organic and inorganic inhibitors studied were 
compared using 50 ug of inhibitor per g of soil. The data 
show that, when compared at the 50 ppm level, the effective­
ness of these inhibitors decreased in the order: catechol > 
phenylmercuric acetate > hydroquinone > p-benzoquinone and 
2,5-dichloro-p-benzoquinone > 2,6-dichloro-p-benzoquinone > 
silver sulfate > 1,2-naphthoquinone > phenol > mercuric 
chloride > sodium p-chloromercuribenzoate and 4-chlorophenol 
> 2,5-dime thy 1 -p-benzoquinone > N-ethylmaleimide > gold 
chloride > acetohydroxamic acid and copper sulfate. 
The finding that the inhibitory effects of 50 ppm of 
silver sulfate, mercuric chloride, gold chloride, or copper 
sulfate on soil urease activity were less than those of 50 
ppm of catechol, hydroquinone, or p-benzoquinone (Table iB) 
is noteworthy, because preliminary work to evaluate inorganic 
and organic compounds as urease inhibitors in the absence of 
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soil showed that small amounts of Ag, Hg, Au, or Cu salts 
had a greater inhibitory effect on urea hydrolysis by 
jackbean urease than did the same amounts of catechol, 
hydroqulnone, or p-benzoquinone. For example, it was found 
that treatment of a urea solution with 10 ppm (solution 
basis) of silver sulfate or mercuric chloride gave almost 
complete ("^ 99^) Inhibition of urea hydrolysis by jackbean 
urease, whereas 10 ppm of catechol, hydroquinone, or p-
benzoquinone gave less than 70^ inhibition. Consideration 
of these results and the data reported in Table l8 leads 
to the conclusion that the ability of soils to deactivate 
small amounts of urease inhibitors is greater for inorganic 
inhibitors such as Ag and Hg salts than for organic 
inhibitors such as catechol, hydroquinone, and p-
benzoquinone. 
A study of the effects of different amounts of various 
inhibitors on the urease activity of Webster soil (no. 10) 
showed that none of the inhibitors studied gave complete 
inhibition of urease activity even when the rate of inhibitor 
addition was equivalent to 300 ppm of soil (Table 19). The 
percentage increase in inhibition effect when the level of 
inhibitor was increased from 50 to 300 ppm was greatest 
with the compound having the smallest effect at the 50 ppm 
level (acetohydroxamlc acid). 
For valid appraisal of the results obtained by the 5-
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Table 19. Effects of different amounts of urease Inhibitors 
on soil urease activity®-
Amount of inhibitor added (ppm of soil) 
Inhibitor ~5Ô ÎÔD 5U0 W 
% inhibition of soil urease activity 
Catechol 73 8l 89 94 
Phenylmercuric acetate 64 71 77 8l 
Hydroquinone 60 75 86 93 
p-benzoquinone 58 74 86 93 
2.5-dichloro-p-
benzoquinone 56 75 8l 87 
2.6-dlchloro-p-
benzoquinone 52 66 8l 87 
Mercuric chloride 39 45 56 6l 
2,5-dimethyl-p-
benzoquinone 29 33 39 42 
Acetohydroxamic acid 13 24 33 44 
%ebster soil (no. 10). 
hour incubation test used to evaluate different compounds 
as soil urease inhibitors, it is necessary to have informa­
tion concerning the rates of inactivation of these compounds 
in soils. Table 20 shows results obtained when the 5-hour 
incubation test was adapted to study the rates of inactiva­
tion of the compounds showing marked inhibitory effects in 
this test. The adaptation involved incubation of soil 
Table 20. Effect on soil urease activity of incubating soils with urease 
inhibitors at 30° C for various tlmes^ 
Inhibitor 
Soil 
no. 
Time of incubation of soil 
with inhibitor (days) 
-0 3 ? TT 
inhibition of soil urease activity 
Organic 
Catechol 
Phenylmercurlc acetate 
Hydroqulnone 
p-benzoqulnone 
4 
8 
10 
4 
8 
10 
4 
8 
10 
4 
8 
10 
77 
71 
73 
64 
69 
63 
60 
68 
61 
58 
54 
51 
42 
38 
46 
44 
39 
39 
31 
25 
14 
30 
32 
23 
30 
12 
18 
10-g samples of soil treated with water or with water containing 500 ug of 
Inhibitor were incubated at 30° C in stoppered 8-oz French square bottles for time 
specified (amount of water added was equivalent to 50^ of water-holding capacity 
of sample). Samples were then treated with 1 ml of toluene, 5 ml of a solution 
containing 10 mg of N as urea, and enough water to bring total volume of water to 
10 ml and were Incubated at 37° C for 5 hr and subsequently analyzed for urea. 
Table 20. (Continued) 
Time of incubation of soil 
Soil with inhibitor (days) 
Inhibitor no. 3 7 ÏÏÏ" 
^ inhibition of soil urease activity-
Organic continued 
2,5-dichloro-p-benzoquinone 4 68 - 56 -
8 62 - 53 -
10 56 - 49 -
2,6-dichloro-p-benzoquinone 4 63 _ 56 __ 
8 60 - 51 -
10 52 - 47 -
1,2-naphthoquinone 4 48 28 _ 
8 42 — 26 -
10 42 28 16 8 
Phenol 4 43 18 
8 4i — 16 -
10 41 28 16 8 
Sodium p-chloromercurlbenzoate 4 38 23 
8 36 - 21 -
10 32 27 14 6 
4-chlorophenol 10 30 21 10 3 
Table 20. (Continued) 
Inhibitor 
Soil 
no. 
Time of incubation of soil 
with inhibitor {days) 
"S 7 14 
inhibition of soil uresLse activity 
Organic continued 
2,5-diniethyl-p-benzoqulnone 
N -e thy Ima 1 e Imide 
Acetohydroxamic acid 
4 
8 
10 
4 
8 
10 
4 
8 
10 
35 
33 
29 
28 
24 
23 
16 
14 
13 
66 
21 
73 
72 
71 
23 
22 
19 
0 
1 
0 
76 
74 
8 
0 
Inorganic 
Mercuric chloride 
Copper sulfate 
4 
8 
10 
4 
8 
10 
39 
37 
35 
14 
14 
13 
34 
38 
36 
33 
12 
12 
10 
32 
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samples with these compoimds at 30° C for various times 
before Incubation with urea and toluene at 37° C as In the 
5-hour Incubation test. Control experiments showed that 
the urease activities of soils 4, 8, and 10 increased 
slightly when these soils were incubated (no inhibitor or 
urea added) at 30° C as in the experiments reported in 
Table 20 (the average ^  increase in soil urease activity was 
0.4$ after 3 days, 0.8$ after 7 days, and 1.8$ after 14 days). 
The data in Table 20 show that the inhibitory effects of most 
of the compounds studied decreased markedly with increase in 
time of incubation of inhibitor-treated soil, but that the 
effect of 2,5-dimethyl-p-benzoqulnone increased, presumably 
because this compound is decomposed in soils to a relatively 
stable product that is more effective than the parent com­
pound as a soil urease inhibitor. Data in Tables l6 and 17 
show that this decomposition product cannot be 2,5-
dihydroxy-p-benzoquinone or methylmaleic acid. The data 
for acetohydroxamic acid in Table 20 support Pugh and Waid's 
(1969a) conclusion that this compound is decomposed rapidly 
In soils and has no effect on urea hydrolysis by soil urease 
when it is added to soils several days before addition of 
urea (see also Waid and Pugh, I967). 
The findings concerning the rates of inactivatlon of 
urease Inhibitors in soils indicate that, of the various 
compounds tested, 2,5-dimethyl-p-benzoquinone, 2,5-
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dlchloro-p-benzoqulnone and 2,6-dichloro-p-ben2oqulnone are 
likely to prove the most effective for retardation of urea 
decomposition in soils and reduction of ammonia volatiliza­
tion and other problems caused by the rapid hydrolysis of 
fertilizer urea by soil urease. However, further studies 
with these substituted quinones (including studies of 
their effects on plants and on nitrification in soils) are 
needed before any valid conclusions can be drawn about 
their potential practical value. 
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CHAPTER VII. SUMMARY AND CONCLUSIONS 
The objectives of the work described in this disserta­
tion were: (a) to develop a satisfactory method of 
determining urea in soils; (b) to develop a rapid method 
of studying the abilities of different compounds to inhibit 
urease activity in soils; (c) to evaluate a wide range of 
organic and Inorganic compounds as inhibitors of soil urease 
activity and to find compounds having potential value for 
retardation of urea hydrolysis in soils and reduction of 
the problems resulting from the normally rapid hydrolysis of 
fertilizer urea by soil urease. 
The findings can be summarized as follows: 
1. A method of determining urea in soils was developed that 
seems to have none of the defects of methods previously 
proposed for this determination. It involves extraction 
of the soil sample with 2M KCl containing a urease 
inhibitor (phenylmercuric acetate), and analysis of 
the extract for urea by measurement of the intensity of 
the red color formed when an aliquot is heated with 
diacetyl monoxime and thiosemlcarbazide under acidic 
conditions (phosphoric acid-sulfuric acid medium). 
This method is sensitive and precise, and It gives 
quantitative recovery of urea added to soils. The 
phenylmercuric acetate in the 2M KCl used for 
extraction of urea completely inhibits urease activity 
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during extraction, and the extraction performed is 
satisfactory for determination of exchangeable 
ammonium, nitrite and nitrate by steam distillation 
methods (i.e., only one extraction need be performed 
for determination of urea, ammonium, nitrate and 
nitrite). The colorlmetric procedure developed for 
urea analysis in this method is about 50 times as 
sensitive as the procedure previously used for 
determination of urea in soil extracts (Chapter IV and 
Appendix). 
2. A method was developed for rapid evaluation of organic 
and inorganic compounds as inhibitors of urease 
activity In soils. It involves determination of the 
effect of the test compound on the amount of urea 
hydrolyzed by Incubation of soils with urea (1000 ppm 
of urea n) and toluene at 37° c for 5 hours, urea 
hydrolysis by soil urease being estimated by colorlmetric 
determination of urea in the extracts obtained by treat­
ment of the incubated samples with 2M KCl containing a 
urease inhibitor (phenylmercuric acetate). This method 
is rapid and precise, and it is readily adapted for 
studies of the rates of inactivatlon of urease inhib­
itors in soils (Chapter V). 
3. Studies to evaluate more than 100 compounds as inhib­
itors of urease activity in soils showed that phenols 
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and qulnones were the most effective organic compounds 
tested and that silver and mercury salts were the most 
effective inorganic compounds. When'the most potent 
inhibitors were compared using 50 ug of inhibitor per g 
of soil, their effectiveness decreased in the order: 
catechol > phenylmercuric acetate > hydroquinone > p-
benzoquinone and 2,5-dichloro-p-benzoquinone > 2,6-
dichloro-p-benzoqulnone > silver sulfate > 1,2-
napthoquinone > phenol > mercuric chloride > sodium p-
chloromercuribenzoate and p-chlorophenol > 2,5-
dimethyl-p-benzoquinone > N-ethylmalelmide > gold 
chloride > acetohydroxamic acid and copper sulfate. 
The inhibitory effects of most of these compounds on 
soil urease activity decreased markedly with time, but 
the effect of 2,5-dimethyl-p-benzoquinone increased, 
presumably because this compound is decomposed in soils 
to a relatively stable product that is more effective 
than the parent compound as a soil urease inhibitor. 
The findings concerning the rates of inactivation of 
urease inhibitors in soils indicate that, of the various 
compounds tested, 2,5-dimethy1-p-benzoquinone, 2,5-
dichloro-p-benzoquinone, and 2,6-dlchloro-p-
benzoquinone are likely to prove the most effective 
for retardation of urea decomposition in soils and 
for reduction of the various problems caused by the 
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normally rapid hydrolysis of urea by soil urease ( e . g . ,  
damage to germinating seedlings and young plants, 
nitrite toxicity, and gaseous loss of urea N through 
ammonium volatilization and chemodenitrification). 
N-Serve and other compounds used to inhibit nitrifica­
tion in soils were found to have very little, if any, 
effect on soil urease activity (Chapter Vl). 
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APPENDIX 
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DIACETYL MONOXIME METHOD 
FOR COLORIMETRIC DETERMINATION OF UREA 
Introduction 
Most of the colorimetric methods proposed for determina­
tion of urea, are based on Fearon's (1939) studies of the 
reaction of urea with diacetyl monoxime under various 
conditions. Many problems, including color instability, 
deviation from Beer's law, and low sensitivity and precision, 
have been encountered in attempts to utilize the urea-
diacetyl monoxime color reaction for determination of urea, 
but several methods based on this reaction have been found 
satisfactory for analysis of blood and urine samples con­
taining 50-5000 ppm for urea (see Chapter II). 
The diacetyl monoxime method described here was 
developed for colorimetric determination of urea in soil 
extracts. It involves measurement of the absorbance of 
the red color formed when urea is heated with diacetyl 
monoxime and thiosemicarbazide under acidic conditions 
(phosphoric acid-sulfuric acid medium). This method is 
about 50 times as sensitive as the Watt and Chrisp (1954) 
method used in previous work for colorimetric determination 
of urea in soil extracts. 
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Description of Method 
Reagents 
Diacetyl monoxlme (DAM) solution Dissolve 2.5 g of 
diacetyl monoxime (Fisher Scientific Co., Chicago, Illinois) 
in 100 ml of distilled water. 
Thiosemicarbazide (TSC) solution Dissolve 0.25 g 
of thiosemicarbazide (Eastman Organic Chemicals, Rochester, 
New York) in 100 ml of distilled water. 
Acid reagent Mix 300 ml of 85$ phosphoric acid (N.F. 
quality) and 10 ml of concentrated sulfuric acid (A.R. 
quality), and dilute the mixture to 500 ml with distilled 
water. 
Color reagent Prepare this reagent immediately 
before use by adding 25 ml of DAM solution and 10 ml of 
TSC solution to 500 ml of acid reagent. 
Standard urea solution Dissolve 0.500 g of pure, 
dry urea in distilled water in a 2-liter volumetric flask, 
dilute the solution to volume with distilled water and mix 
thoroughly. Store in a refrigerator. 
Procedure 
Pipette 1-10 ml of sample solution containing up to 
200 ug of urea into a 50-ml volumetric flask, adjust the 
volume to 10 ml by adding distilled water, and add 30 ml 
of color reagent. Swirl the flask for a few seconds to 
mix the contents and place it in an oven at 120° C. After 
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30 minutes, remove the flask from the oven, cool it 
immediately in running water (13-20° C) for 15 minutes, 
make the contents to volume with distilled water, and mix 
thoroughly. Then transfer about 10 ml of this solution to 
a Klett-Summerson colorimeter tube (1.3-cm light path) and 
measure its red color intensity with a Klett-Summerson 
photoelectric colorimeter fitted with a green (no. $4) 
filter. Calculate the urea content of the sample solution 
by reference to a calibration graph plotted from the results 
obtained with standards containing 0, 25, 100, and 200 ug 
of urea. To prepare this graph, dilute 10 ml of the 
standard urea solution to 100 ml with distilled water in 
a volumetric flask and mix thoroughly. Then pipette 0, 1, 
4, and 8-ml aliquots of this diluted standard solution 
into 50-ml volumetric flasks, adjust the volumes to 10 ml 
by adding distilled water, and proceed as described for 
urea analysis of the sample solution. 
Unless otherwise specified, the absorbanoe values 
reported were derived from color intensity measurements 
with the Klett-Summerson colorimeter (scale reading x 
0.002). 
Development of Method 
Color instability has been one of the main difficulties 
in colorlmetric determination of urea by diacetyl monoxime 
methods, and several Investigations have shown that the 
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colors obtained In these methods are destroyed by prolonged 
heating during color development (Beale and Croft, I96I; 
Evans, 1968) and are sensitive to light (Ormsby, 1942; 
Wheatly, 1948; Natelson et al., 1951; Friedman, 1953; 
Beale and Croft, 196I). Studies of the effect of time of 
heating at 120° C in the method described showed that the 
absorbance of the red color reached a maximum after 28-32 
minutes and then began to decrease. Figure 3 shows results 
obtained with 10-ml aliquots of a solution containing 10 ppm 
of urea. It is important that the flask used for color 
development be cooled rapidly after heating as specified 
because color intensity decreases if the flask is allowed 
to cool at room temperature. The temperature of the running 
water used to cool the flask is not critical provided that 
it Is below about 22° C. Initially, a bath of boiling water 
was used for the heating stage of the method described, but 
an oven at 120° C proved more convenient and gave slightly-
more precise results. If a bath of boiling water is used, 
the time of heating required for maximum color development 
Is 27 - 1 minutes. 
Preliminary work showed that, when thiosemicarbazide 
is used to intensify the reaction between urea and dlacetyl 
monoxlme, the reaction Is considerably more sensitive in 
the presence of sulfuric acid than in the presence of 
phosphoric acid. It was found, however, that the colored 
<c 
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20 30 40 50 
TIME OF HEATING, MINUTES 
Figure 3. Effect of time of heating on absorbance of color developed at 120° 
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product obtained with sulfuric acid was much more sensitive 
to light than the product obtained with phosphoric acid 
and that it was necessary to use a combination of these 
adds to develop a sensitive method not significantly 
complicated by color instability. Color Instability is 
not a problem in the method described if absorbance measure­
ments are made within 60 minutes after color development 
(Table 21). Absorbance measurements can be postponed for 
at least 4 hours if the colored solutions are stored in 
the dark (Table 21). 
Any colorimeter or spectrophotometer that permits 
absorbance measurements at 500-550 mia can be used for the 
method described. The absorbance spectrum of the urea 
reaction product shows maximum absorption at 527 mu (Figure 
4) and is similar to that of the product obtained with the 
method of Coulombe and Pavreau (I963). The spectra shown 
in Figure 4 were measured with a Beckman DB-G spectro­
photometer (1-cm cells). 
Figure 5 shows a typical calibration curve for the 
method described and Illustrates the linear relationship 
obtained between urea concentration and absorbance. Con­
formity to Beer's law is observed with solutions con­
taining 1-40 ppm of urea (up to 400 pg of urea), but the 
accuracy and precision of color intensity measurements 
with the Klett-Summerson colorimeter decreases if the 
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Table 21. Stability of color^ 
Time after development 
of color (minutes) L 
Absorbance^ 
D 
0 0.292 0.292 
30 0.291 0.292 
60 0.290 0.290 
120 0.275 0.291 
180 0.262 0.290 
240 0.254 0.291 
^Color obtained with 10 ml of solution containing 10 
ppm of urea. 
^Absorbance was measured after storage of colored 
solution in normal laboratory light (L) or in dark (d) at 
24° C for time specified. 
sample analyzed contains more than 200 ng of urea. If 
necessary, the sensitivity of the method described can be 
increased by use of Klett-Summerson colorimeter cells 
(4-cm light path) Instead of the colorimeter tubes 
specified. 
The precision of the method described is illustrated 
by Table 22, which gives the results of replicate analyses 
of standard urea solutions containing 1-20 ppm of urea. 
Interference tests showed that the following sub­
stances did not affect determination of urea by the method 
9k 
A 
1 I 
400 500 600 
WAVELENGTH, my 
4 .  Absorbance spectra of urea reaction product. 
(A), 20 ppm of urea; (B), 10 ppm of urea 
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8 12 16 20 
UREA, ppm 
Figure 5 .  Relationship between urea concentration and 
absorbance of reaction product 
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Table 22. Precision of method 
Urea added Urea recovered (ppm) 
(ppm) Range& Mean SD 
1.0 0.9-1.1 1.0 0.07 
2.5 2.4-2.5 2.5 0.07 
5.0 4.9-5.1 5.0 0.09 
7.5 7.4-7.6 7.5 0.07 
10.0 9.9-10.1 10.0 0.07 
15.0 14.9-15.2 15.0 0.12 
20^0 19.9-20.2 20.1 0.14 
^ive analyses. 
described when added to urea solutions containing 5 PPm of 
urea N in amounts such that the concentration of N as 
substance listed was 10 times the concentration of urea N: 
ammonium sulfate, potassium nitrate, asparagine, glutamine, 
creatine, creatinine, glutamic acid, aspartic acid, arginlne, 
lysine, glycine, alanine, glucosamine, and galactosamine. 
Discussion 
The method described has been used extensively to 
determine urea in 2M KCl extracts of urea-treated soils, 
and no difficulties have been experienced in its applica­
tion to extracts of a wide variety of soils. It gives no 
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trace of red color when applied to extracts of soils not 
previously treated with urea, and it gives quantitative 
recovery of urea added to these extracts. 
